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We study experimentally the effect of diffusion of Rb atoms on Electromagnetically Induced Trans- 
parency (EIT) in a buffer gas vapor cell. In particular, we find that diffusion of atomic coherence 
in-and-out of the laser beam plays a crucial role in determining the EIT resonance lineshape and 
the stored light lifetime. 
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In this paper we address an important issue for elec- 
tromagnetically induced transparency (EIT) 0, and 
stored light @,Q in alkali vapor cells (i.e., warm atoms 
with buffer gas): the practical role of the diffusion of 
atomic coherence in-and-out of the laser fields that pre- 
pare and probe the atoms. EIT occurs in a three-level A- 
system in which two coherent electromagnetic fields (the 
probe and control fields) are in two-photon Raman reso- 
nance with two atomic ground-state sublevels, as shown 
in Fig. ^a). The atoms are optically pumped into a 
"dark state" , a coherent superposition of the two ground- 
state sublevels which is decoupled from the optical fields. 
Typically, a buffer gas is included to restrict the motion of 
the EIT atoms and thus lengthen the atomic interaction 
time with the laser fields 0, 0, ; and also to pressure 
broaden the electronic excited state so as to allow co- 
propagating probe and control fields that interact with 
most of the atoms despite Doppler broadening 0, . As 
shown in Fig. ^ we employed an external cavity diode 
laser (ECDL) tuned to the D x line of 87 Rb. The total 
available laser power was about 13 mW. 

In this regime, atomic diffusion is important, yet rather 
subtle to model effectively. To date EIT models have 
treated diffusion phenomenologically, by assuming a sim- 
ple homogeneous decay of the ground state coherence 
characterized by the timescale td of the lowest order dif- 
fusion mode across the laser beam 0, 0, El • Some recent 
experiments have seen indications of the inadequacy of 
this simple approach [Til [T3. Il3l ]. Here we report ex- 
periments that show that diffusion of atomic coherence 
in-and-out of the laser beam (i.e., from the region illu- 
minated by the optical fields to the surrounding, unil- 
luminated region, and then back into the laser beam) 
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plays a crucial role in determining the EIT resonance 
lineshape and the lifetime of stored light. As described 
below, we observed a narrow central peak in the EIT res- 
onance (much narrower than 1/td) due to the contribu- 
tion of atoms diffusing in-and-out of the laser beam. We 
then eliminated this narrow peak by applying transverse 
gradients in the longitudinal magnetic field to decohere 
atoms that diffuse well out of the laser beam. Finally, we 
measured the influence of atomic coherence diffusion on 
light pulses that have been stored in the atomic ensemble 
using a dynamic EIT technique. 



I. EXPERIMENTAL SETUP 

We used a polarizing beam splitter (PBS) to create a 
bypass reference beam. We modulated the phase of the 
main laser field at 6.835 GHz (near the 87 Rb ground-state 
hyperfine splitting) using an electro-optical modulator 
(EOM), so that approximately 2% of the total laser power 
was transferred to each first order sideband. All three op- 
tical fields then passed through an acousto-optical mod- 
ulator (AOM), shifting the frequencies of all fields by 
+80 MHz. We tuned the laser such that the main car- 
rier frequency field was resonant with the 5S1/2F = 2 — > 
hPi/ 2 F' — 2 transition of 87 Rb; in this case the +1 side- 
band was resonant with the 5S1/2F = 1 — * 5P1/2F' = 2 



FIG. 1: a) Simplified three-level A system; b) Schematic of 
the experimental setup (see text for abbreviations). 



transition. We neglected any influence of the far-detuned 
— 1 sideband. 

Before entering the Rb vapor cell the laser beam was 
weakly focused to a 0.8 mm diameter spot and circularly 
polarized using a quarter- wave plate (A/4). We mounted 
the cylindrical glass cell, containing isotopically enriched 
87 Rb and either 5 Torr or 100 Torr Ne buffer gas (D = 
35.7 cm 2 /s and D = 1.78 cm 2 /s respectively [Tj, Il5j). 
inside a three-layer magnetic shield, which reduced stray 
magnetic fields to less than 100 fiG over the interaction 
region. A solenoid inside the magnetic shields provided a 
weak bias magnetic field B (< 100 mG). We controlled 
the temperature of the cell to ±0.2 K using a blown-air 
oven. For the EIT lineshape measurements we kept the 
temperature low enough (45°C for the 5 Torr Ne cell, 
and 55°C for the 100 Torr Ne cell) to ensure an optically 
thin Rb vapor; for stored light experiments we operated 
with the cell at 65°C to provide significant pulse delay 
and storage. 
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FIG. 2: Schematic of the magnetic-field-gradient coils. Di- 
mensions are: zo = 2.4 cm, zi = 16.2 cm, a = 6.4 cm, chosen 
to optimize the linearity of the gradient field dB z /dx [T3.ll7j. 



After traversing the cell, the laser beam was com- 
bined with the bypass reference beam on a non-polarizing 
beam-splitter (NPBS) and sent to a fast photodetector 
(FPD). Since the frequency of the reference field was 
80 MHz lower than the control field, we detected the +1 
sideband by measuring the amplitude of the beat note at 
6.915 GHz using a microwave spectrum analyzer. 



II. GRADIENT COILS 

Pulsed magnetic field gradients are a well established 
tool in NMR for imaging (MPJ) and for measuring diffu- 
sion and coherent flow in liquids and gases. 

In our experiment we used a standard gradient coil de- 
sign (see Fig. El [T^.ll7| to produce a controllable linear 
gradient of the longitudinal magnetic field in the trans- 
verse direction: dB z /dx up to 40 mG/ (cm • A), with ex- 
cellent linearity at the center of the coils. 

Note that away from the coil center a transverse mag- 
netic field is also created such that dB z /dx — dB x /dz. 
In traditional high-field NMR applications, the effect of 
the transverse magnetic field is negligible. In our exper- 
iment the weak bias magnetic field Bo limits the gradi- 
ent strength we can use without distorting the EIT res- 
onance: dB x /dz ■ L/2 <C V2Bq, where L is the length of 
the cell. 



III. STEADY-STATE EIT IN BUFFER GAS 
CELLS 

Fig. |21 shows a typical example of the measured EIT 
lineshape (i.e. the probe field transmission as a func- 
tion of two-photon detuning) for the 5 Torr Ne cell and 
no applied magnetic fields. Note the sharp, narrow 
peak on-resonance. Also note that the FWHM is sig- 
nificantly narrower that 1/itt d « 26 kHz HE3, i.e., the 
linewidth set naively by single-pass diffusion across the 
laser beam. The shape of this EIT resonance is clearly 
not the Lorentzian function predicted by simple three- 
level EIT theory 0: 
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where fip and Qc are the probe and control field Rabi 
frequencies, lilp"*-*! 2 is proportional to the probe field 
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FIG. 3: Measured intensity of the probe field transmission 
(EIT) as a function of two-photon detuning 5. Also shown 
are the best Lorentzian fit (Eq. JTJ) and TY-fit" (Eq. ©), 
which assumes spatially inhomogeneous power broadening of 
the EIT lineshape as determined by a Gaussian distribution 
of the transverse laser intensity profile. Total laser power 
« 50 fiW. 



transmission intensity, 6 is the two-photon detuning, and 
7 and jbc are respectively the excited-state and ground- 
state coherence relaxation rates (see Fig. m,). 

Recent extensions of three-level EIT theory have con- 
sidered the effect of atomic motion in a laser beam with 
a Gaussian intensity profile in the transverse direction. 
In the regime of high buffer gas pressure and moderately 
high laser intensity, the motion of alkali atoms across the 
laser beam is assumed to be slower than the excited and 
ground-state relaxation rates, and the atomic coherence 
is assumed to adjust instantaneously to the light inten- 
sity at each point of the laser beam. Thus atoms in the 
center of the laser beam, where the laser intensity is max- 
imum, have greater power broadening than atoms in the 
wings. For a Gaussian laser intensity profile, the probe 



field transmission lineshape is then found to be 
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which we refer to as the "TY-fit" . In the regime of low 
buffer gas pressure and very low light intensity, there 
is negligible power broadening and the EIT lineshape is 
calculated to be 1191: 
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where t tl - — 2r/ (v) is the average alkali atom transit time 
through the laser beam, and (v) is the average thermal 
radial velocity of the alkali atoms. Interestingly, the line- 
shapes described by Eqs. J5J) and Q are very similar 
for typical conditions for Rb vapor EIT, despite being 
obtained in very different limits. In Fig. we plot the 
best Lorentzian fit (Eq. JTJ) and TY-fit (Eq. 0), which 
is more relevant to our experimental conditions. The 
Lorentzian fit provides a poor approximation to our mea- 
surements; the TY-fit is superior to the Lorentzian fit, 
but it fails to reproduce the sharp structure on resonance. 

The observed EIT lineshape may be understood if we 
assume that the diffusion of Rb atoms in-and-out of the 
laser beam creates a broad range of interaction times 
rather than a single average diffusion time td- That is, 
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FIG. 4: EIT resonance observed (a) with spectrum analyzer 
and (b) using phase-sensitive detection. Both measurements 
are made in a 5 Torr Ne cell at total laser power of 800 fiW. 
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FIG. 5: Modification of EIT resonance with applied magnetic 
field gradients for (a) 5 Torr Ne cell and (b) 100 Torr Ne 
cell. Bias magnetic field Bq ~ 132 mG, total laser power 
is ~ 100 piW. Comparison of measured EIT resonance for 
4 mG/cm gradient with TY-fit (Eq. JJ) for (c) 5 Torr Ne cell 
and (d) 100 Torr Ne cell. 



we must account not only for atoms that diffuse once 
through the laser beam and then decohere (never return) , 
but also those that diffuse out of the laser beam and 
return, and thus interact with the laser fields multiple 
times. For these returning atoms the interaction with the 
optical fields resembles a Ramsey separated-oscillatory- 
field experiment, with significant coherent evolution "in- 
the-dark" , leading to much narrower EIT resonances. 

To better characterize the sharp central peak of the 
EIT resonance, we employed phase-sensitive detection. 
We used audio- frequency-modulation of the 6.8 GHz syn- 
thesizer (f m w 150 Hz), and detected changes in the laser 
transmission using a slow photodetector and lock-in am- 
plifier. Fig. 01 shows EIT resonance measurements made 
both with a spectrum analyzer (covering the entire res- 
onance) and phase-sensitive detection (restricted to the 
narrow center of the resonance). For both the 5 Torr 
and 100 Torr Ne cell, we measured the spectral width 
of the narrow central EIT peak to be < 500 Hz, and to 
be largely insensitive to laser power, which is consistent 
with the central peak reflecting coherent atomic evolu- 
tion "in-the-dark" . 

To test the hypothesis that atoms diffusing in and out 
of the laser beam contribute significantly to the EIT line- 
shape (particularly the sharp central peak), we measured 
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FIG. 6: Broadening of the EIT central peak with applied mag- 
netic field gradient measured with phase-sensitive detection, 
for both the 5 Torr Ne and the 100 Torr Ne buffer gas cells. 
Bias magnetic field Bq ~ 80 mG, total laser power ~ 20 fiW. 



the EIT resonance in the presence of a linear transverse 
gradient in the longitudinal magnetic field dB z /dx, us- 
ing the gradient coils described above. For these mea- 
surements we also applied a uniform longitudinal field 
(B = 80 mG) which splits the Rb ground-state Zee- 
man sublevels, and makes negligible the effects of the 
transverse component of the magnetic field created by 
the gradient coils (for dB z /dx < 4 mG/cm). We studied 
EIT formed on the ground-state m = 1 Zeeman sub- 
levels (i.e., coherence between the F = 1, mj? = 1 and 
F = 2,mp = 1 levels). The associated transition fre- 
quency between those levels has a gyromagnetic ratio 
« 1.4 MHz/G. Therefore, dB z /dx induces an inhomoge- 
neous broadening to the EIT coherence; and for suitable 
magnitudes of this gradient, the broadening across the 
laser beam waist (« 0.8 mm) can be small compared to 
the narrow central peak, while the larger magnetic field 
deviation outside the laser beam causes most atoms to 
decohere if they diffuse out of and then back in the laser 
field. 

Fig. [3 shows measured EIT resonances at several gra- 
dient strengths. For stronger gradients, the central peak 
becomes less sharp, and the TY-fit of the EIT line- 
shape is improved, which is consistent with diffusion- 
induced Ramsey-narrowing being destroyed by gradient- 
field-induced decoherence of atoms that diffuse out of the 
laser beam. 

Fig. illustrates the greater dependence on applied 
gradient of the spectral width of the central EIT peak for 
the 5 Torr Ne cell, in comparison to the 100 Torr Ne cell. 
These measurements are also consistent with diffusion- 
induced Ramsey-narrowing, which would be more thor- 
oughly inhibited by the applied magnetic field gradient 
for the more rapid Rb diffusion in the 5 Torr Ne cell. 
Modelling and quantitative analysis of these diffusion ef- 
fects will be reported in a future publication. 



IV. STORED LIGHT IN A BUFFER GAS CELL 

Under EIT conditions, the strength of the control field 
determines the coherent coupling between the probe field 
and the ground-state atomic coherence and thus the 
group velocity of probe pulse propagation through the 
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FIG. 7: (a) Schematic of the timing and amplitude used for 
the probe pulse and dynamic control field in measurements of 
light storage as a function of storage interval r. The control 
field power is 50 fiW during the pulse entry stage and 600 /iW 
during the pulse retrieval stage, (b) Examples of measured 
probe pulse storage for various storage intervals, (c) Retrieved 
pulse area as a function of storage time r. The fitted 1/e decay 
time (solid line) is about 500 fts. 

medium [2£]]. Appropriate variation of the control field 
allows storage of the probe pulse in the form of an atomic 
ensemble coherence [3, Q. In realistic atomic systems, 
the maximum storage time is determined by the atomic 
coherence lifetime, including the effect of coherence dif- 
fusion. 

To avoid large additional absorption and pulse reshap- 
ing, the bandwidth of the probe pulse should be less than 
the the sharp peak observed in the static probe field 
transmission [22]. We employed a Gaussian waveform 
for the probe pulse with a full width of I ms, which ex- 
perienced a group delay rs 450 [is for a control field power 
of 50 /LtW. This delay is not great enough to trap the en- 
tire probe pulse inside the atomic vapor cell (L = 7 cm). 
We typically stored about half the Gaussian pulse, as 
shown in Fig. Ufa). Note that we used a larger control 
field intensity at the retrieving stage (600 /xW) to in- 
crease the EIT width of the atomic medium and thereby 
minimize losses during release and propagation of the re- 
trieved pulse. 

The measured amplitude of the probe pulse for vari- 
ous storage intervals is shown in Fig. Efb) . The 1/e decay 
time of the retrieved pulse area is ss 500 (is (see Fig.Efc)), 
corresponding to a decoherence rate ~ 600 Hz, in agree- 
ment with the width of the sharp central peak of the EIT 
resonances at low light intensity, and much narrower than 
the rate 1 /tvtjj 26 kHz associated with diffusion of Rb 
atoms out of the laser beam. 

The large spatial distribution of atomic coherence 
stored outside the laser beam allows multiple retrieved 
pulses to be observed by turning the control field on 
and off several times during the retrieval process. As 
a demonstration, we stored a signal pulse in the atomic 
ensemble; turned the control field off for 200 /is; then on 
for another 200 /is to retrieve a first pulse; next turned 
off the control field again for a variable time T; and fi- 
nally turned the control field on and retrieved a second 
pulse. Fig. [S] shows the results of these measurements 



FIG. 8: (a) Comparison between retrieved light pulses with 
and without an intermediate control field pulse for T= 100 /is 
and T= 1 ms. Control field power is 50 /J.W at the writing 
stage and 600 fiW for both retrieving pulses, (b) Area of the 
retrieved probe pulses with (circles) and without (squares) an 
intermediate control field pulse. 

and a comparison to experiments with no intermediate 
control field pulse. For small T, there is a large differ- 
ence between the retrieved pulse areas with and without 
an intermediate control field application, since the sec- 
ond application of the control field mostly interacts with 
the same atoms from which coherence has already been 
retrieved by the first pulse. For larger values of T, how- 
ever, atomic coherence diffuses back into the laser beam, 
and the difference between the pulses retrieved with and 
without an intermediate control field pulse decreases. 



V. CONCLUSIONS 

We have presented an initial experimental study of the 
effect of atomic coherence diffusion in-and-out of the laser 
beam on EIT and light storage in a Rb vapor cell with Ne 
buffer gas. We found that the EIT resonance lineshape 
is not well described by models that account for atomic 
diffusion with a simple homogeneous decay rate of the 
ground state. We also observed a sharp, narrow peak of 
the EIT resonance that can be understood qualitatively 
due to the coherent atomic evolution "in-the-dark" as 
atoms diffuse in-and-out of the laser beam. We found 
that this diffusion-induced Ramsey-narrowing could be 
reduced by application of a suitable magnetic field gradi- 
ent, dB z /dx, which decoheres most atoms that diffuse 
out of the laser beam. We also measured light stor- 
age times consistent with the inverse of the linewidth 
of the narrow central peak of the EIT resonance, and 
observed "replenishment" of stored light signals due to 
atomic coherence diffusion from the region outside of the 
laser beam. 
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